Well controlled multiple resistive switching states in the Al local doped HfO2 resistive random access memory device
Investigating the improvement of resistive switching trends after post-forming negative bias stress treatment Hsueh-Chih Tseng, 1 Ting-Chang Chang, 1,2,a) Jheng-Jie Huang, 1 Po-Chun Yang, 3 Yu-Ting Chen, 3 Fu-Yen Jian, 4 This paper investigates the improvement of resistive switching trends after post-forming negative bias stress treatment of a Pt/Yb 2 O 3 /TiN device that has undergone positive bias forming process for activation. After the treatment, characteristics of the conductive filament, such as the temperature dependence of resistivity and transition mechanism, undergo changes. Furthermore, this treatment causes the conductive filament to transform from being primarily composed of vacancies to being metallic Yb dominant, which not only reduces operation voltages such as V set and V reset but also improves the on/off ratio. In reliability tests, the device has stable retention. Resistive random access memory (RRAM) has attracted considerable interest for the next generation of nonvolatile memory devices due to its simple structure, low operation voltage, and process compatibility with the current complementary metal-oxide-semiconductor (CMOS) industry. 1 Up to now, two dominant resistance switching mechanisms have been proposed. One is oxygen vacancy nucleation at a metal/ oxide interface. 2, 3 The other mechanism is the conductive filament (CF) model, which describes the formation/rupture of a metallic filament using a metal such as Cu or Ag to act as mobile ions in the oxide. 4 Recently, rare earth (RE) metal oxides, which are used as a high-k gate insulator for advanced CMOS technology, 5, 6 have exhibited resistance switching phenomena. 7, 8 One of the RE metal oxides, ytterbium oxide (Yb 2 O 3 ), is attractive as a gate dielectric in CMOS devices because of its dielectric constant of 15, larger energy band gap (>5 eV), and predicted chemical and thermal stability with Si. Therefore, it also has been explored for semiconductor applications including memory devices, logical devices, and optoelectronic devices. 9 The application of Yb 2 O 3 in the resistive switching field, however, has not been sufficiently researched.
This work investigates the bipolar resistance switching characteristics of a Pt//Yb 2 O 3 /TiN structure by using an additional negative bias stress (NBS) treatment after the positive electroforming (PF) process which is necessary to activate the RRAM device and which causes the resistance state (RS) transformation to be switchable. The power law relationship of the low resistance state (LRS) indicates that the NBS treatment can change the transition mechanism; moreover, further confirmation of this can be found in the temperature dependence of LRS trends. In addition, a mechanism is proposed to explain the influence of the presence or absence of NBS treatment on resistive switching characteristics of Yb 2 O 3 based RRAM of the device.
Yb 2 O 3 thin film of 20 nm thickness was deposited on a TiN/Si substrate by reactive magnetron RF sputtering an Yb 2 O 3 target in Ar (30 SCCM) ambient at room temperature. Then the Pt top electrode (TE) was deposited and patterned by the liftoff process. The without-NBS device was only PF treated, whereas the with-NBS device was used as a reference with NBS treatment after the PF activation and will be referred to as without-NBS and with-NBS devices hereafter. All electrical characteristics were measured over an 8 lm Â 8 lm cell size by an Agilent B1500 semiconductor parameter analyzer. During these measurements, bias was applied to the TiN bottom electrode (BE) while the Pt TE was ground.
The transition between LRS and high resistance state (HRS) of the without-NBS and the with-NBS devices was observed by using the same dc voltage sweeping mode, as shown in Fig. 1 . During the PF process, as shown in the inset (i) of Fig. 1(a) , a positive dc bias of about 12 V was applied to BE with a current compliance of 1 lA. Figure 1(a) shows that the resistance of the without-NBS device can be switched to HRS by applying negative bias of about À2 V. In a subsequent sweep, the RS can be switched again to LRS by applying a predetermined positive bias of about 2 V with a 10 mA current compliance. During the NBS treatment, a higher and reverse polarity dc bias with a 10 mA current compliance was applied to the without-NBS device, as shown in Fig. 1(a) . First, when the bias increased to about À3 V, there was a first obvious transformation in RS, which suddenly transformed from LRS to NBS-HRS initial (after the NBS treatment of first transformation without bipolar switching operation) and caused the local CF narrowing due to the joule heating effect. 10 Subsequently, as the bias continued to increase at about À5 V, the RS a)
Author to whom correspondence should be addressed. Electronic mail: tcchang@mail.phys.nsysu.edu.tw. transformed again from the NBS-HRS initial to NBS-LRS initial (after the NBS treatment of second transformation without bipolar switching operation), which is similar to the forming process and reconstructs the CF. Figure 1(b) shows the different trend of bipolar resistive switching characteristic of the with-NBS device, different from the without-NBS device. In addition, a few cycles of unipolar switching phenomena appear momentarily, as shown in the inset of Fig. 1(b) .
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The inset (i) of Fig. 2 shows that the LRS initial (after PF treatment without bipolar switching operation) of the without-NBS device decreases when the ambient temperature increases, as is typical of semiconductor behavior properties. 11 This implies that the CF is the dominated by vacancies. 12 In contrast, under the second RS transformation of the NBS treatment, the oxygen vacancies and oxygen ions can be re-generated. Because the number of the re-generated oxygen vacancies and diffusion ions are enough to cause the metallic CF formation, the NBS-LRS initial of the with-NBS device increases as ambient temperature rises, which indicates typical metallic behavior; 11 furthermore, calculating the temperature coefficient of the resistance a indicates that a is about 9.74 Â 10 À4 K À1 (the ideal a of metallic Yb is about 1.3 Â 10 À3 K
À1
), as shown in Fig. 2 . This result indicates that the NBS treatment can generate the Yb metallictype conductive path(s). However, these mobile oxygen ions drift to Pt and can be chemisorbed at the grain boundary or penetrate through the Pt layer during the NBS treatment. 13, 14 After bipolar stressing (switching), these mobile oxygen ions cannot fully drift back to the insulator and towards TiN; 15 moreover, the CF characteristic changes from metallic behavior to semi-like behavior, as shown in the inset (ii) of Fig. 2 , because the decrease in mobile oxygen ions acts to reconstruct the thinner redox reaction region during the bipolar-set process. Figure 3 shows the power law relationship and current fitting between the without-NBS and with-NBS devices. According to the power law relationship (I ¼ KV n ) for the I-V plot of LRS, the switching mechanism before and after NBS treatment is different. Fig. 3(a) shows that the value of n is about 1.78 for the without-NBS sample and about 1.22 for the with-NBS while both underwent the bipolar switching operation is due to the switching layer (SL) formation. However, after the NBS treatment without bipolar switching operation, the value of n was about 0.97. If no SL exists during the switching process, as in unipolar switching, 16 the n value would be about 1 due to the metallic filament formation. In addition, the current fitting results also show that the LRS for the without-NBS device obeys the Schottky conduction behavior due to the original-SL formation, as shown in Fig. 3(b) . The NBS treatment can cause the original-SL disintegrating, which makes the LRS transition mechanism to follow the Ohmic conduction behavior (the slope is 1.0), as shown in Fig. 3(c) ; furthermore, because the reconstructed SL is thinner than the without-NBS device, the LRS transition mechanism also follows the Ohmic conduction behavior (the slope is 1.12), as shown in Fig. 3(d) .
The comparisons in Fig. 4(a) show that the without-NBS device also has lower V set and V reset . The decrease in mobile oxygen ions of the with-NBS device can be easily induced the redox reaction for a smaller V set , and the metallic CF of the with-NBS device has a better electric conductivity making the smaller V reset induce the reset current. To test the device for practical memory application, reliability of retention was monitored. Figure 4(b) shows the data retention at 85 C. The results reveal that the proposed treatment can retain stable HRS and LRS without degradation longer than 10 4 s. In conclusion, the effect of NBS on the resistive switching characteristics of Pt/Yb 2 O 3 /TiN RRAM device has been investigated. Based on experimental results, the NBS treatment can transform the CF from vacancy-dominated to metallic Yb dominant. Hence, the characteristics of resistance switching mechanism can be changed into redox reaction accompanying joule heating effect by applying the NBS treatment in order to obtain better bipolar switching characteristics such as lower set and reset voltages and a larger on/off ratio. 
